In this paper, a cell balancing topology for a series-connected Lithium-Ion battery string (SCBS) in electric vehicles is proposed and experimentally verified. In particular, this balancing topology based on the modular balancer consists of an intra-module balancer based on a multi-winding transformer circuit and an outer-module balancer based on a switched capacitor converter, both offering the potential advantages and over conventional balancing methods, including short equalization time, simple control scheme, elimination of voltage sensors. In addition, a number of cells in the SCBS can be easily extended in this circuit. Furthermore, a system structure and an operating principle of the proposed topology are analyzed and experimentally verified for three different cases. The voltages of all cells in the SCBS reached the balanced state regardless of the various arrangement of the initial voltage, where the energy efficiency of the circuit reached 83.31%. Our experimental realization of the proposed balancing topology shows that such a technique could be employed in electric vehicles.
Introduction
For the past decades, the series-connected battery string (SCBS) has been widely used in several applications of energy storage systems for electric vehicles (EVs), hybrid electric vehicles (HEVs), subway and electric railroad [1] [2] [3] [4] [5] [6] that require high voltage and capacity. The balance of the SCBS plays an important role in chemical and electrical characteristics of a battery string. In fact, the battery lifetime and the energy storage capacity are decreased due to an unbalance of the SCBS generated through the repeated charge and discharge operation. Particularly, this imbalance can lead to fire and/or explosion in the worst case [7] . Thus, the series-connected battery string in EVs needs to be balanced with the voltage [8] . In practice, internal and external sources are known as two main reasons that cause the unbalance of the battery cells [8, 9] . For internal sources, the deviation in production results in variations of storage capacity value, total internal impedance, and rated self-discharge. In the case of the external sources, multi-rank rack protection Integrated circuits (ICs) primarily lead the unequal charge from the various series ranks in the pack [8] .
Recently, the cell balancing methods have been introduced [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and reviewed [7, 8, [21] [22] [23] , as represented in Figure 1 . There are two main ways to equalize a battery cell, which are passive and active methods [8, 22] . Resistors are used in the passive cell balancing methods, which are connected The balancing method based on a multi-winding transformer (MWT) [18] [19] [20] 24, 25] has advantages such as fast balancing speed, simple control technique, and repudiation of voltage sensors. Nevertheless, this circuit has the complexity of fabricating MWT, a limited number of windings due to the parameter matching for the turns ratio, and leakage inductance, especially for a large number of cells. The MWT-based balancing circuit was improved by applying forward-flyback conversion [23] to balance the cells. The buck-boost converter-based cell balancing, which reduces switching loss to obtain high efficiency, is applied to EVs and HEVs [12, 23, 26] . However, this balancing technique requires an intelligent control and a large number of switches, resulting in relative complexity and high cost. In addition, a balancing method based on a switched capacitor circuit (SCC) [11, 15, 26, 27] has been widely utilized in energy storage applications thanks to advantages such as simple design and control and elimination of a voltage sensor for each cell. Importantly, the SCC can be employed in the modular method as well. However, the balancing time is long, especially for a large SCBS since the energy is transferred between adjacent battery cells (i.e., cell to cell balancer). It is known that a higher number of cells and/or larger voltage difference between cells result in longer balancing time.
There is a limited number of studies on battery balancing topology such as the requirements of voltage sensors, intelligent control, more importantly, the limited number of cells in the SCBS. Therefore, a novel modular cell balancing circuit (MCBC) is proposed to solve these limitations. In this approach, the SCBS, divided into several modules, is a balanced proposed MCBC, which consists of an intra-module and outer-module balancers. The intra-module balancer based on the MWT circuit with the forward converter structure (MWTFC) circuit is used to transfer energy between the cells inside each module, whereas the SCC based on the outer-module balancer is applied to transfer the energy between the modules simultaneously. This balancing technique effectively deals with a small number of cells when designing a balancing circuit. Therefore, the design of this balancing circuit becomes much easier. Furthermore, the proposed circuit has numerous advantages of two conventional circuits and overcomes disadvantages that these conventional circuits were unable to eliminate. The structure and operational principles of the proposed MCBC are described in detail. The experimental results are presented to verify the efficacy of the proposed balancing topology. The balancing method based on a multi-winding transformer (MWT) [18] [19] [20] 24, 25] has advantages such as fast balancing speed, simple control technique, and repudiation of voltage sensors. Nevertheless, this circuit has the complexity of fabricating MWT, a limited number of windings due to the parameter matching for the turns ratio, and leakage inductance, especially for a large number of cells. The MWT-based balancing circuit was improved by applying forward-flyback conversion [23] to balance the cells. The buck-boost converter-based cell balancing, which reduces switching loss to obtain high efficiency, is applied to EVs and HEVs [12, 23, 26] . However, this balancing technique requires an intelligent control and a large number of switches, resulting in relative complexity and high cost. In addition, a balancing method based on a switched capacitor circuit (SCC) [11, 15, 26, 27] has been widely utilized in energy storage applications thanks to advantages such as simple design and control and elimination of a voltage sensor for each cell. Importantly, the SCC can be employed in the modular method as well. However, the balancing time is long, especially for a large SCBS since the energy is transferred between adjacent battery cells (i.e., cell to cell balancer). It is known that a higher number of cells and/or larger voltage difference between cells result in longer balancing time.
There is a limited number of studies on battery balancing topology such as the requirements of voltage sensors, intelligent control, more importantly, the limited number of cells in the SCBS. Therefore, a novel modular cell balancing circuit (MCBC) is proposed to solve these limitations. In this approach, the SCBS, divided into several modules, is a balanced proposed MCBC, which consists of an intra-module and outer-module balancers. The intra-module balancer based on the MWT circuit with the forward converter structure (MWTFC) circuit is used to transfer energy between the cells inside each module, whereas the SCC based on the outer-module balancer is applied to transfer the energy between the modules simultaneously. This balancing technique effectively deals with a small number of cells when designing a balancing circuit. Therefore, the design of this balancing circuit becomes much easier. Furthermore, the proposed circuit has numerous advantages of two conventional circuits and overcomes disadvantages that these conventional circuits were unable to eliminate. The structure and operational principles of the proposed MCBC are described in detail. The experimental results are presented to verify the efficacy of the proposed balancing topology.
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Analysis of the Previous Cell Balancing Circuits
2.1.1. Active Cell Balancing Circuit Using the MWT Figure 2 shows an active cell balancing circuit using the MWT with the forward converter structure and operating modes [17, 18, 21, 25, 28] . This circuit consists of N series-connected cells. Each cell in the SCBS is associated with a primary winding of the MWT (T) and a power switch S k (k = 1, . . . , 4). A diode (D) on the secondary side is used to reset the magnetizing inductance of the transformer. The MWTFC-based balancer equalizes the voltage of cells in the SCBS by selectively turning the switches S k on or off according to the constant duty cycle (D) simultaneously. Figure 2 shows an active cell balancing circuit using the MWT with the forward converter structure and operating modes [17, 18, 21, 25, 28] . This circuit consists of N series-connected cells. Each cell in the SCBS is associated with a primary winding of the MWT (T) and a power switch Sk (k = 1, …, 4). A diode (D) on the secondary side is used to reset the magnetizing inductance of the transformer. The MWTFC-based balancer equalizes the voltage of cells in the SCBS by selectively turning the switches Sk on or off according to the constant duty cycle (D) simultaneously. Three operational modes in one switching period (Ts) of the circuit and the operation waveforms are shown in Figures 2b,c and 3 , respectively. In order to simply analyze the operating modes for the circuit, it is assumed that this circuit includes four series-connected cells; The relationship among the voltage of the battery cells is assumed as follows: Vcell1 > Vcell2 > Vaver > Vcell3 > Vcell4, the sum voltage is VTotal = Vcell1 + Vcell2 + Vcell3 + Vcell4, and the average voltage is Vaver where Vcell1, Vcell2, Vcell3, and Vcell4 represent the voltage across Cell1, Cell2, Cell3, and Cell4, respectively. The operating modes of the circuit are presented as follows:
Mode 1 [t0, t1] (see Figure 2b ): At t0, four switches (S1, S2, S3, and S4) are turned on simultaneously as shown in Figure 3 . In this mode, the energy is transferred from high voltage level cells (i.e., Cell1, Cell2) to the low one (i.e., Cell3, Cell4) through the transformer T.
In mode 1, there are four loops forming four equations, and each loop equation can be expressed as Equation (1) . Figure 4 shows an equivalent circuit. The relationship among the current of a magnetizing inductance Lm, iLm, and cell currents i1, i2, i3 and i4, and voltage across Lm, VLm, can be expressed as Equations (2) and (3): Three operational modes in one switching period (T s ) of the circuit and the operation waveforms are shown in Figures 2b,c and 3 , respectively. In order to simply analyze the operating modes for the circuit, it is assumed that this circuit includes four series-connected cells; The relationship among the voltage of the battery cells is assumed as follows: Figure 2b ): At t 0 , four switches (S 1 , S 2 , S 3 , and S 4 ) are turned on simultaneously as shown in Figure 3 . In this mode, the energy is transferred from high voltage level cells (i.e., Cell 1 , Cell 2 ) to the low one (i.e., Cell 3 , Cell 4 ) through the transformer T.
In mode 1, there are four loops forming four equations, and each loop equation can be expressed as Equation (1) . Figure 4 shows an equivalent circuit. The relationship among the current of a magnetizing inductance L m , i Lm , and cell currents i 1 , i 2 , i 3 and i 4 , and voltage across L m , V Lm , can be expressed as Equations (2) and (3): 
where i1, i2, i3 and i4 are the currents of four switches of S1, S2, S3 and S4, respectively In this mode, four switches are turned on. The value of the leakage inductance and the magnetizing inductance can be used to apply the average voltage. From Equation (1) to Equation (3), the VTP can be expressed as follows: 
where i1, i2, i3 and i4 are the currents of four switches of S1, S2, S3 and S4, respectively In this mode, four switches are turned on. The value of the leakage inductance and the magnetizing inductance can be used to apply the average voltage. From Equation (1) to Equation (3), the VTP can be expressed as follows: In this mode, four switches are turned on. The value of the leakage inductance and the magnetizing inductance can be used to apply the average voltage. From Equation (1) to Equation (3), the V TP can be expressed as follows:
In this mode, the inrush currents likely to flow in Figure 4 need to be considered. In the case, if there is a high voltage difference among the cells, the inrush currents likely to flow are large. Therefore, NTC thermistor [29] in series with the primary is suggested to limit the current. The NTC thermistor offers high resistance at the beginning of switching and limits the inrush current. After a short time, the NTC thermistor resistance decreases to a low value due to self-heating and it does not affect normal operation. However, in this study, the different voltages among the cells are small. Therefore, the circuit does not need to limit current and protect circuits. V Cell1 and V Cell2 are higher than V aver , V Cell3 , and V Cell4 . Therefore, currents i 1 , i 2 flow from the cells (i.e., Cell 1 and Cell 2 ) to the transformer T, and i 3 and i 4 flow from T to the battery cells (i.e., Cell 3 and Cell 4 ). This means that the electric charges in Cell 1 , Cell 2 are transferred to Cell 3 , Cell 4 through T.
Mode 2 [t 1 , t 2 ] (see Figure 2c ): At t 1 , four switches are turned off simultaneously, as shown in Figure 3 . The voltage across the L m becomes negative, V Lm . Therefore, the magnetizing inductance is reset through the diode, resulting in a decrease in the i Lm to zero level.
Mode 3 [t 2 , t 3 ]: Mode 3 starts when the i Lm is equal to zero. No current flows in the MWT from t 2 to t 3 . At t 3 , this mode is completed and changes to mode 1 occur in the next switching period.
This circuit has several advantages [17] such as short equalization time, simple control scheme, repudiation of the voltage sensor. However, if the SCBS is extended, the MWT requires a large number of windings. Meanwhile, this MWT is difficult to manufacture due to the parameter matching for the turns ratio and the leakage inductances. Equations (5)- (8) show that larger leakage inductances result in a smaller cell current. In other words, the balancing time is longer. In particular, the leakage inductances of the transformer are not uniform. Therefore, this causes a charge imbalance problem by itself. In order to reduce this problem, the number of windings of the transformer needs to be reduced [28] . This requirement motivates our proposed cell balancing circuit to solve these issues.
Cell Balancing Circuit Using SCC
A cell balancing circuit based on an SCC and operation modes of the circuit are shown in Figure 5 [8, 15, 16, 21] . In order to simplify the analysis for circuit operation mode, it is assumed that the circuit has two cells and V Cell1 > V Cell2 . When two of four switches (S a1 and S a2 or S b1 and S b2 ) in the balancing circuit are turned on or off, the energy is transferred from a cell to another cell via a balancing capacitor (C b ). The switches are controlled by pulse-width-modulated (PWM) signals with fixed duty cycle (50% T s ), as shown in Figure 6 voltage and current of the balancing capacitor in this mode can be expressed [30] by Equations (10) and (11) 
where R Ch is the sum of the equivalent series resistance of balancing capacitor R ESR , the turn-on resistance of two switches S a1 , S a2 .
where RCh is the sum of the equivalent series resistance of balancing capacitor RESR, the turn-on resistance of two switches Sa1, Sa2 (12) and (13).
where Rdis is the total of the equivalent series resistance of balancing capacitor RESR, and the turn-on resistance of two switches Sb1 and Sb2 This circuit has some advantages [8] ; for example, it does not require voltage sensors or 
where Rdis is the total of the equivalent series resistance of balancing capacitor RESR, and the turn-on resistance of two switches Sb1 and Sb2 Mode 2 [t 1 , t 2 ] (See Figure 5c ): At t 1 , S a1 and S a2 are turned off, and S b1 and S b2 are turned on simultaneously. In this mode, the switches S b1 and S b2 conduct. Thus, Cell 2 is connected in parallel with C b , as shown in Figure 5c . The energy of C b starts to be discharged to Cell 2 . The current of C b begins to boost in the opposite direction as represented in Figure 6 . The instantaneous voltage across and the current of C b in this mode are respectively expressed in Equations (12) and (13) .
where R dis is the total of the equivalent series resistance of balancing capacitor R ESR , and the turn-on resistance of two switches S b1 and S b2
This circuit has some advantages [8] ; for example, it does not require voltage sensors or closed-loop control. Therefore, this circuit is simple to implement with low loss. However, in the case of a large number of cells and/or the high unbalance of voltage between the cells, the equalization time is long [21] . Therefore, the novel MCBC needs to be considered carefully to reduce the mentioned disadvantages as shown in Section 2.2. Figure 7 illustrates an SCBS structure based on a conventional and modular balancing circuit [2, [31] [32] [33] . The conventional cell balancer used the series-connected battery cell string, which consists of N × M cells. Therein, each cell has a separate energy transmitting path as shown in Figure 7a , whereas the modular cell balance is divided into M groups of the SCBS; each module has N cells, as represented in Figure 7b ,c [1, 34, 35] . For the modular cell balancer, M groups of the SCBS are connected with M modules to balance the voltages in each module. The featured energy of cells is transferred from a high voltage level to a low level inside each module (i.e., intra-module balancer) individually. These modules can be connected to an external module balancer (i.e., outer-module balancer) to transmit the energy from a high to a low voltage level module until achieving the equalization of both energies between the modules. The modular cell balancing method is advanced for a small number of cells in comparison with the conventional method. Therefore, it is easier and more flexible than the conventional circuit in designing cell balancing for the large SCBS. case of a large number of cells and/or the high unbalance of voltage between the cells, the equalization time is long [21] . Therefore, the novel MCBC needs to be considered carefully to reduce the mentioned disadvantages as shown in Section 2.2. Figure 7 illustrates an SCBS structure based on a conventional and modular balancing circuit [2, [31] [32] [33] . The conventional cell balancer used the series-connected battery cell string, which consists of N × M cells. Therein, each cell has a separate energy transmitting path as shown in Figure 7a , whereas the modular cell balance is divided into M groups of the SCBS; each module has N cells, as represented in Figure 7b ,c [1, 34, 35] . For the modular cell balancer, M groups of the SCBS are connected with M modules to balance the voltages in each module. The featured energy of cells is transferred from a high voltage level to a low level inside each module (i.e., intra-module balancer) individually. These modules can be connected to an external module balancer (i.e., outer-module balancer) to transmit the energy from a high to a low voltage level module until achieving the equalization of both energies between the modules. The modular cell balancing method is advanced for a small number of cells in comparison with the conventional method. Therefore, it is easier and more flexible than the conventional circuit in designing cell balancing for the large SCBS. The system structure of the proposed MCBC is shown in Figure 8 . This circuit is constructed by dividing the SCBS into two modules (M1, M2) and each module contains N cells in series-connection in which each cell in the SCBS connects the switch Sk and the primary side winding of the MWTs in intra-module balancers. Each MWT has a secondary side winding in connection with one diode to reset the magnetizing inductance of transformers (Lm) to prevent saturation of the MWTs. Each module connects with the intra-module balance individually, and all modules are connected to the outer-module balancer. In the intra-module balancer, a number of the transformer's primary windings are equal to a number of the cells inside each module. The magnetizing energy of the MWT is to balance the cell voltages in each module, and a charge/discharge process of a module In this proposed circuit, the energy is transferred from a high voltage level to a low voltage level in both the cells inside each module and modules simultaneously by the MWTs and the modular balancing capacitor, respectively. The Cm is used to equalize the energy between the modules through the outer-module balancer. It is controlled by the switches Sa1, Sa2 and Sb1, Sb2 which are controlled by PWM signals, as shown in Figure 9 . Voltage sensors and intelligent control circuit are not used in this MCBC. Therefore, the circuit has been simply designed and controlled. In this proposed circuit, the energy is transferred from a high voltage level to a low voltage level in both the cells inside each module and modules simultaneously by the MWTs and the modular balancing capacitor, respectively. The C m is used to equalize the energy between the modules through the outer-module balancer. It is controlled by the switches S a1 , S a2 and S b1 , S b2 which are controlled by PWM signals, as shown in Figure 9 . Voltage sensors and intelligent control circuit are not used in this MCBC. Therefore, the circuit has been simply designed and controlled. 
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Operational principle
The operational principle of the proposed MCBC is similar to that of the MWTFC and the SCC individually. In particular, the switches in the MWTFC and the SCC are driven by two fixed duty ratios (D) and (D1), respectively. In order to simply analyze operating modes for the circuit, the following assumptions are made:
• All the switches, capacitor, diodes and transformer are ideal. 
The operational principle of the proposed MCBC is similar to that of the MWTFC and the SCC individually. In particular, the switches in the MWTFC and the SCC are driven by two fixed duty ratios (D) and (D 1 ), respectively. In order to simply analyze operating modes for the circuit, the following assumptions are made:
• All the switches, capacitor, diodes and transformer are ideal.
• Each module contains four cells.
• The relationship among voltage of the battery cells is arranged in decreasing order from Cell 11 (V cell11 ) to Cell 24 (V cell24 ), and
There are four operating modes during one switching period (T s ) of the proposed MCBC. These modes based on the switching states of the primary side switches (S 11 , S 12 , S 13 , S 14 , S 21 , S 22 , S 23 , S 11 , and S 24 ) in the intra-module balancer and the switches (S a1 , S a2 , and S b1 , S b2 ) in the outer-module balancer. The theoretical waveforms and operating modes of the proposed circuit are shown in Figures 9 and 10 , respectively.
Mode 1 [t 0 , t 1 ] (see Figure 10a ): At t 1 , eight switches in intra-module balancers (module 1: S 11 , S 12 , S 13 , S 14 ; module 2: S 21 , S 22 , S 23 , S 24 ) and S a1 , S a2 are turned on, while S b1 , S b2 are turned off simultaneously, as shown in Figure 9 . In this mode, the energy is transferred from a high voltage level cell to a low level one inside each module through two MWTs (T 1 ) and (T 2 ), respectively. V Cell11 , V Cell12 are higher than V aver1 , V Cell13 , V Cell14 in M 1 , and V Cell21 , V Cell22 are higher than There are four operating modes during one switching period (Ts) of the proposed MCBC. These modes based on the switching states of the primary side switches (S11, S12, S13, S14, S21, S22, S23, S11, and S24) in the intra-module balancer and the switches (Sa1, Sa2, and Sb1, Sb2) in the outer-module balancer. The theoretical waveforms and operating modes of the proposed circuit are shown in Figures 9 and  10 , respectively.
Mode 1 [t0, t1] (see Figure 10a ): At t1, eight switches in intra-module balancers (module 1: S11, S12, S13, S14; module 2: S21, S22, S23, S24) and Sa1, Sa2 are turned on, while Sb1, Sb2 are turned off simultaneously, as shown in Figure 9 . In this mode, the energy is transferred from a high voltage level cell to a low level one inside each module through two MWTs (T1) and (T2), respectively.
VCell11, VCell12 are higher than Vaver1, VCell13, VCell14 in M1, and VCell21, VCell22 are higher than Vaver2, VCell23, VCell24 in M2. Therefore, i11, i12 and i21, i22 flow from cells to T1, T2, respectively, and i13, i14 and i23, i24 flow from T1, T2 to the battery cells. This means that, in module 1, the electric charges in Cell11, Cell12 are transmitted to Cell13, Cell14, and in module 2, the electric charges in Cell21, Cell22 are transmitted to Cell23, Cell23. At the same time, Sa1 and Sa2 conduct, so the Cm will be charged by the VM1 through the Sa1 and Sa2 so that the VCm increases gradually to a steady state period. The instantaneous voltage and current of the balancing capacitor in this mode can be given by Equations (14) and (15) .
Mode 2 [t1, t2] (see Figure 10b ): At t1, eight switches in the intra-modules balances are turned off simultaneously, as shown in Figure 9 . The voltages across Lm1 and Lm2 are negative as expressed by Equations (16) and (17) . The diodes D1 and D2 conduct. Then, VD1, VD2 become zero because D1, D2 are ideal devices. The Lm1 and Lm2 are reset through the secondary diodes D1, D2 resulting in a decrease of the magnetizing currents of transformers 1 and 2 (iLm1 and iLm2).
Mode 3 [t2, t3] (see Figure 10c ): Mode 3 starts when the currents through the magnetizing inductance of two transformers (iLm1) and (iLm2) are equal to zero. No current flows in the MWTs from t2 to t3.
Mode 4 [t3, t4] (see Figure 10d ): At t3, the Sa1, Sa2 are turned off, and the Sb1, Sb2 starts to be turned on as shown in Figure 9 . The voltage VCm is higher than the VM2 such that the energy of Cm is in a discharging condition. Module 2 receives stored energy in Cm gradually. The instantaneous voltage and current of the module balancing capacitor in this mode are respectively given in Equations (18) and (19) . At t4, this operating mode is finished and returns to mode 1 in the next switching period. At the same time, S a1 and S a2 conduct, so the C m will be charged by the V M1 through the S a1 and S a2 so that the V Cm increases gradually to a steady state period. The instantaneous voltage and current of the balancing capacitor in this mode can be given by Equations (14) and (15) . Figure 10b ): At t 1 , eight switches in the intra-modules balances are turned off simultaneously, as shown in Figure 9 . The voltages across L m1 and L m2 are negative as expressed by Equations (16) 
Mode 3 [t 2 , t 3 ] (see Figure 10c ): Mode 3 starts when the currents through the magnetizing inductance of two transformers (i Lm1 ) and (i Lm2 ) are equal to zero. No current flows in the MWTs from t 2 to t 3 .
Mode 4 [t 3 , t 4 ] (see Figure 10d ): At t 3 , the S a1 , S a2 are turned off, and the S b1 , S b2 starts to be turned on as shown in Figure 9 . The voltage V Cm is higher than the V M2 such that the energy of C m is in a discharging condition. Module 2 receives stored energy in C m gradually. The instantaneous voltage and current of the module balancing capacitor in this mode are respectively given in Equations (18) and (19) . At t 4 , this operating mode is finished and returns to mode 1 in the next switching period.
R dis e −t R dis .Cm (19) According to the analysis of the above operation modes, it can be seen that the MWTFC-based intra-module balancer and SCC-based outer-module balancer work separately. The energy is transferred from a high to a low level of both the cells in each module and the modules simultaneously. Thus, the short balancing time, simple control scheme and the low mismatch between the leakage inductances can be obtained due to a small number of cells.
Experimental Setup
In this paper, the MCBC was experimentally verified to validate the theoretical operation of the proposed topology. The experimental setup consisting of two parts is illustrated in Figure 11 , and circuit components are shown in more detail in Table 1 . The first part is the designed MCBC, which consists of twelve switches, two diodes, one module balancing capacitor C m , and two multi-winding transformers. An IM 3533 LCR meter was used to measure the magnetizing and leakage inductances of two transformers. The second part is the available equipment such as power supply, voltage recorder, oscilloscope and DSP board. The voltage recorder (i.e., YOKOGAWA-GP10) was used to measure and record the voltage balancing process of eight cells, and the battery cell used Lithium-ion cell LIR17335-PCM C5264RR (2/3 A 3.7 V 700 mAh). Gate driver voltage V gs of the switches such as S 11 , S 24 , S a1 , and S b1 is shown in Figure 12 . Therein, the duty ratio (D) of signals to power switches in the intra-module balancers is 37.5%, and the duty ratio (D 1 ) of the signal to switches S a1 , S b1 is 50% of one switching period where the S a1 and S b1 are complementary, and switching frequency of f and f 1 are set for 40 kHz. In this work, the experiment in three cases of initial different voltage arrangements of the cells is performed. The voltages of the cells are set as follows. Case 1: the voltages of eight cells are arranged in decreasing order from Cell11 (i.e., Vcell11) to Cell24 (i.e., Vcell24); Case 2: Vcell11 > Vcell21 > Vcell12 > Vcell22 > Vcell13 > Vcell23 > Vcell14 > Vcell24, and case 3: the initial voltage of the cells is set randomly, as shown in detail in Table 2 . In this work, the experiment in three cases of initial different voltage arrangements of the cells is performed. The voltages of the cells are set as follows. Case 1: the voltages of eight cells are arranged in decreasing order from Cell11 (i.e., Vcell11) to Cell24 (i.e., Vcell24); Case 2: Vcell11 > Vcell21 > Vcell12 > Vcell22 > Vcell13 > Vcell23 > Vcell14 > Vcell24, and case 3: the initial voltage of the cells is set randomly, as shown in detail in Table 2 . In this work, the experiment in three cases of initial different voltage arrangements of the cells is performed. The voltages of the cells are set as follows. Case 1: the voltages of eight cells are arranged in decreasing order from Cell 11 (i.e., V cell11 ) to Cell 24 (i.e., V cell24 ); Case 2: Figure 13 shows experimental results of the proposed circuit for three cases. A higher and a lower voltage of the cells inside the module tend towards each other and all cells tend to the average voltage value of the cells in series. The proposed balancing circuit indeed demonstrates the balancing trend since the voltages of cells gradually reach a balanced state. Furthermore, the results on the different cases indicate that the cells achieved the balanced state regardless of the various arrangement of the initial voltage of all the cells.
Results and Discussion
Energy efficiency of the balancing circuit can be used Equation (20) [16] as follows:
where E imbalance and E residue are unbalanced energy before cell balancing and remaining energy of E imbalance after cell balancing, respectively. C cell is the capacitance of the battery cell; V celli_start and V celli_end are the cell voltage of the ith cell before and after balancing, respectively; V min and N are the initial lowest voltage and number of cells, respectively. In case 1 (see Figure 13a) , the highest voltage is 3.880 V, the lowest voltage is 3.492, and the initial maximum voltage difference is 388 mV, and then the difference reduces to 115 mV after the balancing circuit runs for 300 min, and from (20) and experimental data and results, the energy efficiency is η 1 = 76.27%. Similarly, in case 2 (see Figure 13b ) and case 3 (see Figure 13c) , the maximum voltage difference among the cells reduces from 406 mV to 112 mV and from 381 mV to 86 mV after the balancing circuit runs for 150 min, and 200 min, and η 2 = 83.31% and η 3 = 81.74%, respectively. The energy efficiency in three cases is different due to the difference in balancing time. If the balancing time is short, the energy efficiency will increase. In reality, the initial different voltage arrangement of the cells is set as in cases 2 or 3. These are the cases with the highest energy efficiency of the circuit.
From the experimental results in Figure 13 , we can see that there are minor residual voltage mismatches because the leakage inductances of the transformer were not uniform, as shown in Table 1 . L lk13 of the transformer was larger than others; hence, the current i 13 was smaller. In other words, the balance of the Cell 13 was slower than others, as shown in Figure 13a . Energy efficiency of the balancing circuit can be used Equation (20) [16] as follows:
where E and E are unbalanced energy before cell balancing and remaining energy of E after cell balancing, respectively. Ccell is the capacitance of the battery cell; Vcelli_start and Vcelli_end are the cell voltage of the i th cell before and after balancing, respectively; Vmin and N are the initial lowest voltage and number of cells, respectively.
In case 1 (see Figure 13a) , the highest voltage is 3.880 V, the lowest voltage is 3.492, and the initial maximum voltage difference is 388 mV, and then the difference reduces to 115 mV after the balancing circuit runs for 300 min, and from (20) and experimental data and results, the energy efficiency is = 76.27%. Similarly, in case 2 (see Figure 13b ) and case 3 (see Figure 13c) , the maximum voltage difference among the cells reduces from 406 mV to 112 mV and from 381 mV to 86 mV after the balancing circuit runs for 150 min, and 200 min, and = 83.31% and = 81.74%, respectively. The energy efficiency in three cases is different due to the difference in balancing time. If the balancing time is short, the energy efficiency will increase. In reality, the initial different voltage arrangement of the cells is set as in cases 2 or 3. These are the cases with the highest energy efficiency of the circuit.
From the experimental results in Figure 13 , we can see that there are minor residual voltage mismatches because the leakage inductances of the transformer were not uniform, as shown in Table  1 . Llk13 of the transformer was larger than others; hence, the current i13 was smaller. In other words, the balance of the Cell13 was slower than others, as shown in Figure 13a. (a) According to Table 2 , the initial maximum voltage difference of the cells in three cases is a minor divergence of approximately 25 mV. In addition, the total of the cell voltages is approximate. In particular, cases 1, 2 and 3 are 29.474 V, 29.437 V and 29.343 V, respectively. However, the balancing time for three cases is more different due to dependence on voltage unbalance between the M1 and M2, like the SCC-based balancer theory in Section 2.1. In detail, the initial voltage differences between the M1 and M2 for case 1, case 2, and case 3 are 892 mV, 287 mV, and 381 mV, the balancing times are 300 min, 150 min, and 200 min, respectively. The total voltage and the initial maximum different voltage of the cells are approximate; the voltage difference of the modules is different due to the arrangement of all cells. On the order hand, the balancing time of the circuit depends on the arrangement of the initial voltage of all cells. In order to more clearly show the reduction in the difference of the initial and balanced state voltage, the initial and balanced state voltages of cases 1, 2 and 3 are shown in Figure 14a -c, respectively. In this work, three different cases, in which initial maximum voltage difference and the total voltage of the cells are approximate, are tested to consider the correlation between the voltage difference of modules and balancing time in estimating the balancing time of the circuit. In case 1, the voltage difference of two modules is 892 mV, the balancing time is 300 min, and each 1 mV In order to evaluate a voltage drop of the cells after balancing, the total voltage of before and after balancing can be evaluated by the percentage of the voltage drop, which can be expressed by the efficiency as follows. In order to evaluate a voltage drop of the cells after balancing, the total voltage of before and after balancing can be evaluated by the percentage of the voltage drop, which can be expressed by the efficiency as follows.
where ∑ In order to evaluate a voltage drop of the cells after balancing, the total voltage of before and after balancing can be evaluated by the percentage of the voltage drop, which can be expressed by the efficiency as follows. Table 3 shows the comparison of the proposed topology and existing topologies in terms of a number of required components within the case of n cells connected in series. A buck-boost converter-based balancing topology [12, 14, [36] [37] [38] or switched capacitor converter-based balancing topology [11, 15, 22, 26, 27, 30] can be constructed with a reasonable number of components. However, the energy transfer of these topologies is limited between two adjacent cells (i.e., cell to cell balancing) when a large number of cells in SCBS increases (i.e., approximately 80 or more cells) resulting in relatively slow balancing speed and low balancing efficiency. Moreover, the buck-boost converter-based balancers need intelligent control and a large number of the switches resulting in relative complex control scheme and high cost. In the MWT-based balancing topologies [10, 17, 18] , the multi-winding transformer needs to be considered as the main drawback due to not only the stringent requirement for parameter matching for the turns ratio but also the requirement to change the number of secondary windings. These lead to a mismatch between the leakage inductance that caused a charge imbalance drawback by itself. The circuit used the voltage multiplier to balance the cells [34] . The voltage multiplier circuit used the diodes and the capacitors. Therefore, there is no leakage mismatch issue. However, this circuit depends on the impedance of the capacitors. If R eqi and V D are not unified, they will cause a residual voltage imbalance. Additionally, the larger capacity of the capacitor results in a longer balancing time. The balanced voltages of the cells indicate a reduction much lower than the average voltage of the cells.
Comparison with Conventional Balancing Methods
In this study, the proposed balancing topology is constructed with the existing transformer by increasing the number of the transformers. The proposed circuit consists of the MWTFC-based intra-module balances and SCC-based outer-module balancer in transferring the energy from a high to a low level of both the cells in each module and the modules simultaneously. In other words, the intraand outer-module balancers deal with N cells in each module and M modules, respectively. However, in the conventional methods, one MWTFC-based balancer or one SCC-based balancer should equalize N × M cells. Hence, the proposed circuit deals with a small number of the cells, so that a balancing time for one MWTFC-based balancer can be a significant reduction. When compared to conventional balancing topologies using the MWTFC or switched capacitor converter, the proposed balancing topology offers some advantages as follows.
• Basically, the proposed balancing circuit has some advantages originally found in the MWTFC-based balancer and SCC-based balancer such as the repudiation of the voltage sensors for the feedback control loop, simple control scheme.
•
The MWTFC-based balancer is applied to a small number of cells. Therefore, the problem of mismatched leakage inductance can be minimized.
The voltage stress of switches is low by applying the SCC-based balancer to the outer-module balancer.
The number of cells in series can be easily extended. 
Switched capacitor converter
Basic SCC [22] 2n -n − 1 --Double-Tiered SCC [26] 2n -2n − 3 --Single SCC [30] n + 5 -1 --Quasi-Resonant SCC [38] 2n -n − 1 n − 1 -Buck-boost Converter Basis topology [12] 2(n − 1) --n − 1 -Cuk converter [36] 2(n − 1) -n − 1 2(n − 1) -
Multi-winding transformer
Flyback converter [18] 1 n --1 (n primary windings) Forward converter [17] n 1 --1 (n primary windings)
Proposed topology n + 2M M M − 1 -M (n/M primary windings) 1 1 M: a number of the modules; M ≥ 2.
Conclusions
A cell balancing topology in combination with MWTFC and SCC has been proposed and experimentally verified in the present paper. The balancing circuit based on the intra-module and outer-module balancers has several advantages and overcomes the disadvantages of two conventional circuits. In this balancing topology, the energy of cells in SCBS is transmitted from a high voltage level to a low voltage level in both the cells in each module and the modules by simultaneous intraand outer-module balancers. The main advantages of the proposed MCBC are the elimination of voltage sensors and the simple control scheme. Further, the proposed MCBC can easily extend the number of cells in SCBS. The experimental results for three different cases show that the voltages of all cells in SCBS achieved a balanced state. Furthermore, regardless of the various arrangements of the initial voltage, the voltages of the cells have achieved a balance state. In the balanced state, the energy efficiency of the proposed circuit can reach 83.31%. We have obtained satisfactory results proving that the proposed balancing circuit could be applied for SCBS in electric vehicles. Funding: This research received no external funding.
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